Gallium-doped ZnO ͑ZnO:Ga͒ films for an ␣-particle scintillator were grown on a sapphire ͑0001͒ substrate by radio-frequency magnetron sputtering. Spectral analysis shows that the photoluminescence and scintillation properties of ZnO:Ga films under ␣-particle radiation can be remarkably improved by a post rapid thermal annealing process and also by increasing the film thickness. The surface morphology, crystallinity, and scintillation properties of ZnO:Ga thin films were further improved by in situ growth interruption during the two-step growth process.
Scintillators, which absorb high-energy electrons, photons, or charged particles and emit UV or visible light, are widely used in security and medical technology. [1] [2] [3] In ␣-particle detectors, a high scintillation intensity and subnanosecond response are required for security inspection applications, where time-of-flight measurements may be necessary. 4, 5 The zinc oxide compound ͑ZnO͒ has a wide bandgap of 3.37 eV, transparent in visible range, a subnanosecond decay time, a large exciton binding energy of 60 meV, and a high radiation hardness. 6 Because gallium-doped ZnO ͑ZnO:Ga͒ is transparent in visible range and highly conductive, ZnO:Ga has been widely used as a type of transparent conducting oxide in the area of light-emitting diodes, solar cells, flat panel displays, etc. [7] [8] [9] ZnO:Ga also shows scintillation properties and has been widely studied as a fast inorganic scintillator. [10] [11] [12] [13] [14] Luckey et al. 10 fabricated ␣-particle scintillators using ZnO:Ga powder, and achieved a greater light output with a decay time of 0.4 ns than plastic organic scintillators. Several other groups have reported the use of ZnO in powdered form as an ␣-particle scintillator. [11] [12] [13] [14] Simpson et al. 15 reported the superfast timing performance of an ␣-particle scintillator made of indiumdoped ZnO single crystal.
Even though many groups have reported on the fabrication and properties of powder and single-crystal-type ZnO scintillators, there are a few drawbacks to single-crystal and powdered ZnO scintillators. The production cost of a doped ZnO single-crystal wafer is still high compared to pure ZnO. Moreover, the hardness of ZnO single crystal is very low ͑2 GPa͒ 16 compared to GaN ͑12 GPa͒ 17 and sapphire ͑22 GPa͒. 16 In addition, the emission spectrum of a ZnO single-crystal wafer is influenced by strong absorption at wavelengths below 395 nm. 15, 18 Because scintillation light is collected from the back side of the wafer, this absorption can greatly reduce the scintillation light output. The problem is even more severe for ZnO powder, which is nearly opaque to its own scintillation due to the strong scattering between the powders. 19 This paper describes the successful growth of ZnO:Ga films on a sapphire ͑0001͒ substrate by radio-frequency ͑rf͒ magnetron sputtering, and reports on the optical properties of the film. Rapid thermal annealing ͑RTA͒ and in situ growth interruption during a two-step growth process were examined as a way of further enhancing the scintillation properties of ZnO:Ga film.
The ZnO:Ga films were grown on double-sided polished sapphire ͑0001͒ substrates by rf-magnetron sputtering using a Ga 2 O 3 -doped ͑1 wt %͒ ZnO target. The substrate temperature was 800°C and the working pressure in the growth chamber was 10 mTorr. The rf power density of the plasma source was 4.05 W/cm 2 and the flow rate of Ar and O 2 was 10 and 30 sccm, respectively. Four types of ZnO:Ga films were grown in this study. Table I presents the growth conditions of the samples, which are labeled A-D. Sample A is grown as described above, with no annealing. The ZnO:Ga films ͑samples B-D͒ were annealed by an RTA process at 900°C for 1 min under a N 2 ambient because it was reported that the electrical and optical properties of n-type ZnO film was improved by an RTA process. 20 Sample D was grown by growth interruption during the two-step growth process. As shown in Table  I , the two-step growth process for sample D included an in situ annealing process at 800°C for 30 min. The structural and optical properties of the ZnO:Ga films were examined by X-ray diffraction ͑XRD͒ and photoluminescence ͑PL͒ spectroscopy using a He-Cd laser ͑ = 325 nm͒ as an excitation source. The surface morphology was observed with a field emission scanning electron microscope ͑SEM͒. Their scintillation spectra were obtained by using He 2+ ions ͑␣-particles͒ at 3 MeV at the Korean Institute of Geoscience and Mineral Resources. The upper surface of each film was irradiated by ␣-particles while emitted photons were detected through the sapphire substrate. To compare the scintillation property of ZnO:Ga films, a ZnO:Ga single-crystal wafer was also measured as a reference. The penetration depth of 3 MeV ␣-particles in ZnO was calculated using the "Stopping and Range of Ions in Matter" ͑SRIM͒ simulation program. 21 Figure 1 shows the PL intensity ratio ͑I RTA /I as-grown ͒ of nearband-edge peaks of the samples as a function of the RTA temperature. The electron concentrations of the films are also shown. This plot shows that the PL intensity ratio is considerably enhanced by increasing the annealing temperature from 800-900°C. RTA also increased the electron concentration from 5.5 ϫ 10 16 ͑as-grown͒ to 1.3 ϫ 10
20
. Although sample A has good crystallinity, with a full width at half maximum ͑fwhm͒ of 540 arcsec at ͑0002͒ by -scan, its PL was very poor, as shown in Fig. 1 . This implies that the as-grown sample contains nonradiative emission centers, probably defect-related. 20 It was reported that the free energy of Ga 2 O 3 forz E-mail: sjpark@gist.ac.kr O y ͒ are easily formed and incorporated into the ZnO film during its growth. Gallium oxide defects are thus probably responsible for the poor optical properties of as-grown samples. When the ZnO:Ga films are rapid thermal annealed, however, the gallium oxides become donors and gently increase the electron concentration. 20 Furthermore, because the thermal activation process decreases the number of gallium oxides acting as nonradiative defects, the PL properties are also remarkably improved. The radiative electron-hole recombination rate per unit time per unit volume can be written as R = −͑dn/dt͒ = −͑dp/dt͒ = Bnp, where B is the recombination coefficient and n and p are the electron and hole concentrations, respectively. 23 This equation indicates that a higher electron concentration improves the radiative recombination rate, further increasing the PL intensity. These trends explain the PL changes shown in Fig. 1 .
Thermal activation also improved the scintillation properties of the ZnO:Ga films. Figure 2 shows scintillation spectra of the four samples under ␣-radiation, along with the spectrum of a ZnO:Ga single-crystal wafer. Sample A does not show any peak, presumably due to the aforementioned nonradiative defect center. However, the scintillation intensity of sample A was remarkably improved by the RTA process as evidenced by the spectrum of sample B. The scintillation intensity was further increased by doubling the film thickness from 1.5-3 m ͑sample C͒. According to the SRIM simulation program, the penetration depth of 3 MeV ␣-particles in ZnO:Ga film should be 9 m. This result shows that the scintillation light output can be enhanced by increasing the thickness of the film because more volume is available for the scintillation process. The peak position of sample C was slightly shifted to the lower energy side due to intrinsic absorption characteristics at the higher energy side. Because sample C was thicker than sample B, more volume was available for intrinsic absorption and sample C shows a different peak position compared with sample B. More detailed studies will be carried out later.
The scintillation efficiency was further enhanced by in situ growth interruption during the two-step growth process ͑sample D͒. Figure 3 compares -scan XRD rocking curves in the ͑0002͒ plane for samples C and D. The fwhm of sample D is narrower, indicating that its crystal quality is higher. The large fwhm of the -scan of sample C represents the prevalence of screw and mixed-type dislocations, which also act as nonradiative recombination centers. 24, 25 The surface morphology of the film was also improved by an in situ growth interruption process. The surface morphologies of sample C and D are shown in Fig. 4a and b, respectively. Sample C has some protrusions, but sample D shows a very clean and flat surface with a root-mean-square roughness of only 0.4 nm. These results indicate that the surface morphology, crystalline quality, and scintillation properties of ZnO:Ga films can be greatly improved by an in situ growth interruption process.
The difference in peak position of the scintillation spectra of ZnO:Ga thin films and that of a ZnO:Ga single-crystal wafer ͑see Fig. 2͒ can be attributed to the intrinsic absorption of the singlecrystal wafer. 15, 18 Figure 5 illustrates this point in more detail, showing the absorption spectrum of a ZnO:Ga single-crystal wafer and its PL spectra measured from the top and bottom. As shown in Fig. 5a , the absorption spectrum is abruptly decreased from 388 nm and reaches a minimum value of absorption at 398 nm. The PL spectrum measured from the bottom side of a ZnO:Ga single-crystal wafer starts to increase from 388 nm and reaches a maximum value at 398 nm as shown in Fig. 5b . Therefore, the different peak positions of the scintillation spectra of a ZnO:Ga film grown on the sapphire 
H910
Journal of The Electrochemical Society, 155 ͑11͒ H909-H911 ͑2008͒ H910 substrate, which is transparent to the scintillation light and a singlecrystal wafer as shown in Fig. 2 , are attributed to the intrinsic absorption characteristics of a ZnO:Ga single-crystal wafer at higher energy side.
In summary, we investigated the scintillation properties of ZnO:Ga thin films grown by rf-magnetron sputtering. The PL and scintillation properties of the ZnO:Ga films under ␣-particle radiation were remarkably improved by the RTA process. The light output was also improved by doubling the thickness of the film from 1.5 to 3 m. The ␣-particle scintillation property was further improved by in situ growth interruption during the two-step growth process due to the improvement of the structural property of ZnO:Ga films. The ZnO:Ga film scintillators with a thickness of 3 m, which were grown by a two-step sputtering process, showed the highest scintillation light comparable to that of ZnO:Ga single crystals. Figure 5 . ͑Color online͒ ͑a͒ The absorption spectrum of a ZnO:Ga singlecrystal wafer. ͑b͒ PL spectra of the wafer measured from its top and bottom sides.
